The nitrogen fixation process has been recently reviewed by Wilson (1952) , Burris (1956) , Shug et al. (1956) , and Gest et al. (1956) . Although the characteristics of the over-all process in vivo are well known, neither the pathway nor the enzymatic steps has been established. On the other hand, a number of enzymes from bacteria, fungi and higher plants have been characterized which together can catalyze the reduction of nitrate to ammonia by way of nitrite and hydroxylamine. The properties of these systems and their possible role in the main pathway of nitrate assimilation have also been recently reviewed (Verhoeven, 1956; Taniguchi et al., 1956; Nason, 1956; McElroy and Spencer, 1956) . That nitrogen fixation and nitrate assimilation might have a common pathway has been suggested by a number of workers.
The present paper reports the presence in Azotobacter agile (A. vinelandii) of pyridine nucleotide nitrite and hydroxylamine reductases with properties similar to those already described from Neurospora and soybean leaves Zucker and Nason, 1955) . These systems have been characterized, and some indication of their physiological significance in nitrogen fixation and nitrate assimilation has been obtained from adaptation experiments. April, 1956 (Spencer, D., Takahashi, H., and Nason, A., Federation Proc., 15, 358) . dustry, C.S.I.R.O., Canberra, A.C.T., Australia. (Newtonet al., 1953) to which was added 1.44 g KNO3 per L. Three-liter culttures were grown at 35 C for 18 to 24 hr with vigorous forced aeration. Cells were harvested by centrifugation at approximately 2,000 X G, and washed once or twice with 0.2 per cent KCI. This removed nitrite which had accumulated in the growth medium in considerable quantity. The yield of cells under these conditions was 10 to 20 g wet weight per 3 L. Cells not used immediately for the preparation of cell free extracts were stored at -15 C. Such cells could be stored for several weeks under these conditions without affecting the activity of the extracts subsequently prepared from them. Cells grown on nitrogen gas, glutamate, and ammonium sulfate were obtained essentially in the same manner as described above except that the nitrogen source was air (i. e., 80 per cent nitrogen gas), monosodium glutamate (2.36 g per L), or ammonium sulfate (0.94 g per L) respectively instead of potassium nitrate. When ammonium sulfate was used, calcium carbonate (0.5 g per L) was added to avoid a lowering of the pH of the medium.
Preparation of cell free extracts. Azotobacter cells were suspended in three times their weight of a solution of tris-(hydroxymethyl) aminomethane (tris) (0.05 M, pH 7.1) and glutathione (10-3 M). The suspended cells were subjected to sonic oscillation for 5 min in a Raytheon 10-kcy oscillator at 0.94-amp. output and centrifuged at 20,000 to 25,000 x G for 20 to 30 min. The supernatant solution was used as the cell free extract. Extraction of the cells by grinding with alumina powder (Alcoa A-301) also yielded active Assay methods. Nitrite ieductase activity was measured by the following assay procedure. The reaction mixture consisted of boiled extract of acetone powder of pig heart, 0.05 ml; or 1.2 X 10-4 M FAD, 0.03 ml; 2 X 10-4 M NaNO2, 0.15 ml; 2 X I0--' M TPNH, 0.03 ml; 0.02 to 0.06 ml, enzyme and tris buffer (0.1 M, pH 7.1, to give a final volume of 0.5 ml. After incubation for 10 to 15 min at room temperature, 1.5 ml of H20 and 0.5 ml of sulfanilamide reagent (1 per cent in 3 N HCl) were added to stop the reaction, followed by 0.5 ml of N-1-napthylethylenediamine hydrochloride (0.02 per cent aqueous solution) to develop the color. After 10 min the optical density of the resultant pink solution was measured in a Klett-Summerson colorimeter using a no. 54 filter (green). A similar reaction mixture at zero time or from which TPNH had been omitted was used as the control.
Hydroxylamine reductase activity was assayed by the following procedure. The reaction mixture consisted of 10-4 M FMN or 2 X 10-4 M FAD, 0.01 ml; 4 X 10-i M hydroxylamine hydrochloride, 0.15 ml; 2 X 10-s M TPNH, 0.02 ml; 0.2 M glucose-6-phosphate, 0.02 ml; 0.02 M Mn Cl2, 0.02 ml; enzyme, 0.02 to 0.06 ml; and tris buffer (0.1 M, pH 7.1) to give a final volume of 0.5 ml. After incubation at room temperature for 10 to 20 min the remaining hydroxylamine was estimated by the method of Czaky (1948) . This involves the oxidation of hydroxylamine by iodine to nitrite.
In every case, the preparation contained isocitric and glucose-6-phosphate dehydrogenases which were able to maintain almost all the added pyridine nucleotide in the reduced state in the presence of their respective electron donors. Some assays of both enzyme activities were carried out, using the oxidized pyridine nucleotides instead of the reduced forms in the presence of either DL-isocitrate (3 ,moles) or glucose-6-phosphate (4 imoles).
Ammonia was deteirmined essentially as described by Zucker and Nason (1955) , except that the ammonia in the center well of the Conway dish was assayed with Nessler's reagent (Vanselow, 1940 and hence the plot does not pass through the origin in both cases.
Purif cation. The cell free extract of Azotobacter cells was treated with one-half its volume of alumina C y gel (12.1 to 16.5 mg dry weight per ml) for 15 to 30 min with intermittent stirring. The gel was collected by centrifugation at 3,000 X G for 5 min, washed twice with 5 to 10 times its volume of tris buffer (0.05 M, pH 7.1) containing glutathione (10-3 M), and eluted twice with potassium phosphate buffer (0.1 M, pH 7.5) containing glutathione. For each elution, carried out for 30 min with occasional stirring, the buffer volume was one-quartei of the original volume of the cell free extract. The two eluates were combined and this fraction used for subsequent enzyme studies. In some cases this fraction was recentrifuged at 144,000 X G and the active supernatant solution collected. This step was used in order to remove most of the TPNH oxidase activity which was mainly associated with the particles.
The over-all purification procedure resulted in a 2-to 4-fold increase in the specific activity of nitrite and hydroxylamine reductases as shown in table 1.
The cell free extracts possessed considerable endogenous nitrite and hydroxylamine reductase activities but, after gel absorption, washing, and elution, a definite requirement for added cofactors could be shown. All fractions possessed considerable TPNH and DPNH oxidase activities, TPNisocitric and TPN-or DPN-glucose-6-phosphate dehydrogenases. These dehydrogenases in the presence of excess isocitrate or glucose-6-phosphate resulted in a continuous riegeneration of TPNH or DPNH.
Attempts to further purify the enzyme by ammonium sulfate treatment resulted in a complete loss of nitrite reductase activity. Hydroxylamine reductase, however, was precipitated between 30 and 50 per cent ammonium sulfate saturation. A 2-fold increase in specific -activity could be obtained by this treatment but with poor yield.
The location of the nitrite redueing system in the soluble, cytoplasmic fraction of the cell was suggested by the presence of considerable activity in the supernatant solution after centrifugation at 144,000 X G of a cell free extract prepared with alumina powder and buffered hypertonic sucrose solutions. This is also supported by the finding that the particulate fraction from whole sonic homogenate showed little or no activity towairds hydroxylainine or nitrite.
Partially purified nitrite and hydroxylamine reductases are stable for several weeks at -15 C if stored in 0(.1 M phosphate buffer, pH 7.5, containing glutathione (10-3 M). The enzymes wrill store at 0 to 2 C for approximately 1 week without marked losses in activities. The crude cell free extract was ielatively unstable and all activities were lost under the above storage conditions. Both nitrite and hydroxylamine reductases lose all their activities after 5 min at 50 C. The enzyme is stable to dialysis for 6 hr against 0.1 M K2HPO4 and 10-s M glutathione, provided that the dialysis membrane is soaked for 30 min in the same solution prior to use.
The activity and stability of nitrite reductase were greatly enhanced when both the tris and phosphate buffers used for purification had been previously extracted with a solution of 8-hydroxyquinoline in chloroform in order to remove heavy metal contaminants. Excess 8-hydroxyquinoline was removed by repeated extraction with chloroform.
pH optimum. The effect of pH on nitrite and hydroxylamine reductase activities is shown in figure 2 . Maximum activity for the former was obtained using tris buffer at pH 7.1. Ilydroxyla- mine reductase activity, however, showed a broad pH optimum in the range of pH 6.5 to 8.0. Substrate saturation. The relationship between nitrite and hydroxylamine concentrations and reductase activities are shown in figure 3 . From the reciprocal plot (Lineweaver and Burk, 1934) of these data the dissociation constants for the nitrite and hydroxylamine enzyme complexes were calculated to be 6.3 X 10-s M and 4.8 X 10-5 M respectively. These two enzymes have a relatively high affinity for substrates.
Reduced pyridine nucleotides as electron donors. The stimulatory effect of TPNH on the rates of nitrite and hydroxylamine reductions is shown in figure 4 . A small amount of reduction occurred in the absence of added pyridine nucleotide but the rates of reduction were increased 2-to 7-fold in its presence.
The extremely active DPNH and TPNH oxidases of the Azotobacter preparations compete strongly for reduced pyridine nucleotide, and for this reason TPNH was continuously regenerated in the assay system by means of isocitric dehvdrogenase or glucose-6-phosphate dehydrogenase. DPNH, regenerated by the glucose-6-phosphate dehydrogenase system, was also effective as an electron donor for both nitrite and hydroxylamine reductases. In view of this interfering oxidaseactivity it was not possible to do stoichiometric or kinetic studies with reduced pyridine nucleotides, or to compare the relative effectiveness of DPNH and TPNH as electron donors.
Requirementforfiavin. The enzymatic reduction of nitrite by Azotobacter extracts was stimulated 2-to 3-fold by the addition of a boiled extract of acetone powder of pig heart. This stimulatory effect could be replaced completely by FAD at 4 X 10-6 M final concentration. At optimum FAD concentration the addition of boiled pig heart extract gave no additional stimulation. Hydroxylamine reductase from Azotobacter was also stimulated 3-to 4-fold by added FAD The lack of inhibition of nitrite reductase by allylthiourea and hydrazine is of interest since these compounds were found by Hofman and Lees (1952) The above inhibitors were preincubated with the enzyme for approximately 2 to 3 min before the start of the reaction, except for p-chloromercuribenzoate which was preincubated for 10 min. 15 to 20 units of nitrite reductase and 20 to 35 units of hydroxylamine reductase were used in the standard assay. Standard conditions of assay were used. with respect to electron donors, FAD requirements, and sensitivity to various metal binding agents. On the other hand, the hydroxylamine enzyme is more sinlilar to that of soybean leaves source for growth of Azotobacter to induce the formation of large amounts of nitrite and hydroxylamine reductases is of interest with respect to the mechanism of nitrogen fixation. Mforeover, nitrite was never detected in the cells or in the growth medium of these cells. The results suggest that nitrite and hydroxylamine are not intermediate products of the nitrogen fixation reaction. This would constitute evidence against the possibility that N2 is first oxidized to nitrite or nitrate and then reduced to ammonia via the pathway of nitrate assimilation. Suzuki and Suzuki (1954) observed that the hydroxylamine reduction activity of the whole cells of Azotobacter agile could be induced by nitrate but not by N2, and came to the conclusion that the hydroxylamine reducing system is not involved in nitrogen fixation in Azotobacter. Higgins et al. (1956) have reported that tungstate is a dietary antagonist of molybdate in animal nutrition, and a competitive inhibitor of molybdate in Aspergillus niger when nitrate is the sole nitrogen source. It has already been shown that molybdenum is required in the nutrient medium for the enzymatic reduction of nitrate, and that it is the metal component of nitrate reductase from Neurospora (Nicholas et al., 1954; Nicholas and Nason, 1954a, ] .954b), from soybean leaves Nason, 1955a, Evans and Hall, 1955) , and probably from Escherichia coli (Nicholas and Nason, 1955b ). It has recently been possible to demonstrate that tungstate also acts as a competitive inhibitor of molybdate in the growth of Azotobacter when nitrate or N2 is the sole nitrogen source. (Takahashi and Nason, 1957) . These results suggest that a molybdenum enzyme, probably similar to that characterized in Neurospora and soybean leaves, is involved in nitrate reduction of Azotobacter. These data also point to a molybdenum system for N2 fixation in Azotobacter, in support of the reported stimulatory action of molybdenum first indicated by Bortels (1930) and since observed by a number of other investigators.
SUMMARY
The properties of a soluble nitiite and hydroxylamine reductase system found in extracts of Azotobacter agile (A. vinelandii) are described. The enzymes utilize reduced pyridine nucleotides as electron donors and require added flavin for maximal activity, flavin adenine dinucleotide specifically in the case of nitIite reductase, and flavin adenine dinucleotide or the mononucleotide with the hydroxylamine enzyme. Inhibitor studies indicate that the systems have an essential metal component. MIn++ was demonstrated to be a specific activator of hydroxylamine reductase. The dissociation constants of enzyme nitrite and enzyme hydroxylamine complexes were calculated to be 6.3 X 10-4 M and 4.8 X 10-4 M respectively. The product of the reduction of nitrite by these extracts was identified as ammonia. Approximately one molecule of ammonia is formed for each mole of nitrite utilized. The enzyme has a pH optimum at 7.1 in tris buffer. The product of hydroxylaminie reduction by these extracts was not identified. The pH optimum for the enzyme ranges from 6.5 to 8.0. Nitrite and bydroxylamine reductases are adaptive enzymes whose formation is stimulated by nitrate but not N2, ammonium sulfate, and glutamate. The results indicate that these enzymes play a r-ole in nitrate and nitrite assimilation but not in nitrogen fixation.
